Abstract
Methods
This analysis examines the incremental costs of a prospective seasonal maternal influenza immunization program that is added to a successful routine childhood immunization and antenatal care program. The Costing Tool estimates financial and economic costs for different vaccine delivery scenarios for each of the major components of the expanded immunization program.
Results
In our base scenario, which specifies a donated single dose pre-filled vaccine formulation, the total financial cost of a program that would reach 2.3 million women is approximately $1.2 million over five years. The economic cost of the program, including the donated vaccine, is $10.4 million over the same period. The financial and economic costs per immunized pregnancy are $0.52 and $4.58, respectively. Other scenarios examine lower vaccine uptake, reaching 1.2 million women, and a vaccine purchased at $2.80 per dose with an alternative presentation. PLOS 
Introduction
Beginning in 2012, the World Health Organization (WHO) recommended that countries prioritize pregnant women above other high risk groups for receipt of influenza vaccine [1] . This recommendation was made in recognition of the elevated risk pregnant women have for severe influenza virus infection, as well as the programmatic opportunities the antenatal care (ANC) platform can provide for vaccine delivery [2] . Adoption of maternal influenza immunization has been slow, particularly in low resource settings [3, 4] . To date, Gavi, the Vaccine Alliance has not supported maternal influenza immunization, substantially limiting the financial mechanisms to fund maternal influenza vaccine introduction in low resource countries. National and international decision makers must consider both health and economic information, including program costs, when considering new vaccine introduction [5, 6] . There is currently little economic evidence to inform maternal immunization programs in low-or middle-income settings though efforts are underway to remedy this need [7] [8] [9] .
The purpose of this report is to describe the first evaluation of a Maternal Influenza Immunization Program Costing Tool (Costing Tool) for maternal immunization which was undertaken in Malawi. Malawi was selected for this pilot study due to its success in eliminating maternal and neonatal tetanus and to leverage related maternal influenza immunization feasibility studies that were being undertaken in-country. This is to our knowledge, the first costing study of maternal influenza immunization in a developing country.
Methodology

The costing tool
The Costing Tool is a Microsoft Excel-based micro-costing tool commissioned by WHO that estimates the incremental (additional) resources required to add maternal influenza vaccination to an existing national immunization program over a five-year period. It was developed as part of a series of economic tools to inform decision making and to plan the introduction of a maternal influenza immunization program [10] [11] [12] [13] [14] . The Costing Tool has its conceptual roots in the WHO Cervical Cancer Prevention and Control Costing (C4P) tool. The C4P tool was developed to help countries plan and project the cost of introducing cervical cancer interventions and has been widely used in Gavi-supported human papillomavirus (HPV) vaccine demonstration projects and scale up [15] [16] [17] [18] [19] . Similar to the C4P tool, the Costing Tool has been designed to help countries plan for maternal influenza immunization programs that may differ from infant vaccination because of differences in the target population and potential Table 1 . The user inputs data for each of these components in individual Excel worksheets or data collection forms developed for the Costing Tool. The tool then aggregates the costs incurred for each activity and categorizes them as introduction costs, recurrent costs, or capital costs. While the tool distinguishes capital and introduction costs, these categories are often grouped together in analyses since both last longer than a year.
In addition to these categories, the Costing Tool estimates initial investment costs which are upfront, non-annualized costs that include introduction costs with the addition of cold chain and other capital costs over the five-year time horizon of the Costing Tool. It is important to note that the Costing Tool annualizes introduction, cold chain, and other capital costs across the user defined "useful life years" but these are not annualized in the initial investment costs. However, if the useful life of a capital good exceeds the five-year horizon of the tool, only the share of the capital cost included in the five-year horizon will be captured. As such, initial investment costs are the best representation of the up-front cost of the vaccination program.
Across all of these categories, the Costing Tool utilizes and reports both financial and economic costs. Financial costs represent the value of resources purchased by the buyer such as the Ministry of Health (MOH). Financial costs are likely to include items such as the purchase of injection supplies, outreach allowances, and personnel per diems as well as purchased resources used in training and developing new communication materials. Economic costs represent the value of all resources used by the program regardless of who pays for those resources. Economic costs include all financial costs and are also likely to include items such as salaries of current health personnel, volunteer labor, donated supplies, and the opportunity cost of capital goods. The Costing Tool user guide contains a more comprehensive list of potential financial and economic costs by vaccination activity [14] . The user guide and S1 Appendix contain additional information on key vaccination activities and terms.
In addition to cost projections reported using the categories described above, the tool also reports several other cost metrics. The tool reports the number of immunized pregnant women on an annual basis, annual costs, and the cost per immunized woman across the time horizon of the tool. In this report, costs are reported in 2015 US Dollars, though the Costing Tool accommodates inputs and results in local currency or US Dollars for other reporting years.
The Costing Tool is designed to be adapted to the local context and incorporate country characteristics including demographics, administrative levels, and vaccination strategies (including delivery mode, coverage, and phased-in introduction). While it is important to adapt the tool to the local context, the tool generates the best results when local experts and an experienced facilitator collaborate to conduct the costing analysis.
Data collection
In June 2015, the study team collected primary and secondary data on the costs of introducing a prospective maternal influenza immunization program after Malawi's National Health Sciences Research Committee (NHSRC) provided Institutional Review Board approval for the study. PATH IRB deferred to NHSRC. Qualitative and quantitative data were collected from primary and secondary sources at the national, zonal/regional, district, and facility levels. Key informant interviews were conducted at the National Expanded Program on Immunization (EPI) and Health Education Unit. Interviews were also conducted with program managers and at two health centers in each of three districts: Dowa, Rumphi and Zomba. Additional information was collected from follow up questions with the National EPI Logistician, the officer in charge of procurement at UNICEF Malawi, and the Infrastructure Development Planning Officer at the Ministry of Health. Information from secondary data sources (e.g. demographic health survey data) also supplemented the interviews.
Quantitative data on supply quantities, remuneration for staff time, expenditures, and other relevant expenses associated with vaccinations were gathered from record books at the national, district, and facility levels. These data were complemented by expert opinion in areas where documented information on the implementation of seasonal influenza vaccine was not available. Data collected included all costs linked to planning, training sessions at all administrative levels, social mobilization events, monitoring and supervision activities, procurement, storage of vaccines and supplies, immunization service delivery in static and outreach outlets, and eventual evaluation of the program.
The Malawi costing tool pilot
The Costing Tool pilot in Malawi estimates the incremental cost of introducing a prospective maternal influenza vaccine. We assume delivery would be based on existing pediatric and ANC immunization infrastructure. This assumes a strong EPI and ANC program and coordination between the two programs. This study estimates both financial and economic costs from the government perspective over a five-year period beginning in 2018. Costs were collected in US Dollars and Malawian Kwacha. Kwacha were converted to US Dollars based on average UN Treasury Operational Rates between June 2014 and May 2015, i.e. the year prior to data collection. A start year of 2018 was selected as it represents costs within the relatively near term but would still allow a couple of years of preparation, if an introduction decision were made. For the purposes of this costing study, we assume Malawi would introduce seasonal maternal influenza immunization across all districts in the first year. Cost components are those illustrated in Table 1 . Key data for the base scenario is provided in Table 2 with additional context in the following paragraphs and S1 Appendix. We also present alternative scenarios that vary some of the key cost drivers including ANC coverage, vaccine price, and presentation (e.g. number of doses per vial).
We consider women who attend one ANC visits as a optimistic assumption for those that may receive vaccination in a low-income country setting. We begin with 95% of women who have at least one ANC visit as indicated by Malawi's 2010 Demographic Health Survey and apply a uniform dropout rate between ANC visits one, two, three, and four [22] . We adjust this population downward to acknowledge that some women may not be offered or may not wish to receive the vaccine. We assume that Malawi has no excess cold chain capacity so expansion would be undertaken requiring additional cold rooms and refrigerators. No additional cold chain maintenance is included. Coverage would be achieved predominantly through ANC clinic visits, though some vaccination would occur during outreach. Microplanning, social mobilization, and supervision activities occur at various levels of the health system. Additional detail on the base scenario and data can be found in S1 Appendix.
The following section describes our base scenario results and then discusses alternative scenarios. Alternative scenarios include a lower ANC coverage scenario as well as a low and high coverage scenario in which Malawi would purchase the vaccine in a 10 dose vial.
Results
Scenario-base
Financial and economic cost of the immunization program. The base scenario financial cost of the maternal immunization program is approximately $1.2 million over five years. Overall financial and economic costs are displayed in Table 3 below. While most of the discussion below focuses on financial costs, cost categories that include labor or donated resources (e.g. microplanning, training, social mobilization, service delivery, vaccines and supplies) will be substantially higher from an economic cost perspective. Because our base scenario assumes a donated vaccine, the $8.5 million vaccine cost is only included as an economic cost of the program.
Over the five-year time period, introduction costs account for approximately 70% of financial costs with recurrent costs accounting for approximately 30%. Introduction costs include microplanning, training and social mobilization/information, education, and communication (IEC) at 14%, 13%, and 7% respectively. Capital costs, i.e. cold chain, account for 34% of total financial costs. Among recurrent costs, service delivery and supervision account for 16% and 10% of total costs respectively. The bulk of service delivery costs are associated with outreach (i.e. per diem and transport). Continuing IEC contributes 5% of total costs. Vaccines and supplies are only a small component of financial costs as this scenario assumes a donated vaccine; other recurrent costs are minimal. We now examine the annual costs of the program over five years. Fig 1 demonstrates several important points. First, financial costs in the first year are much higher (more than $500,000) than costs in the ensuing years (approximately $150,000 to $200,000), because most introduction costs are incurred in year one. Second, costs in the introduction year are widely distributed across categories. 
Fig 1. Financial costs of maternal influenza immunization program by year, (US$).
https://doi.org/10.1371/journal.pone.0190006.g001
Microplanning, training, and social mobilization are the largest categories while cold chain, service delivery, and supervision are smaller cost components. In the ensuing years, cold chain, service delivery, and supervision are the main costs but social mobilization adds costs every two years. Notably, vaccines and supplies are only a small financial cost since we assume a donated vaccine.
From an economic cost perspective (S1 Fig), the cost of the vaccine is substantially greater than all other cost categories over the life of the program when the vaccine is valued at $2.90 per dose. However, training, microplanning, and social mobilization are substantial costs in year one.
Over the initial five years of the immunization program, 2.3 million pregnant women would be reached under our base scenario assumptions. Over this period, the cost per immunized pregnancy is estimated at $0.52 (financial) and $4.58 (economic). Immunization coverage is 47% of the eligible population.
Other scenarios
The base scenario described above represents the costs associated with a potential maternal influenza immunization program in a low-income country. We now examine a scenario with a less optimistic ANC coverage and then examine the costs of a maternal influenza immunization program with a purchased vaccine and different presentation, under both low and higher coverage scenarios.
Scenario-base with lower vaccine coverage. The second scenario replicates the base scenario but decreases vaccine coverage. This scenario assumes that women with at least four ANC visits will be eligible to receive influenza vaccine if they attend during the vaccination season. It starts with 46% of women who have at least four ANC visits as indicated by Malawi's 2010 Demographic Health Survey but assume no dropoutsbetween ANC visits one, two, three, and four [22] . We again assume that 74% of the women that attend ANC visits will receive vaccination based on the average coverage of other ANC services in Malawi [22] .
Overall financial and economic costs decrease to $1.0 and $6.3 million, respectively. The financial and economic cost per immunized pregnant woman falls to $0.79 and $5.06, respectively. The higherer cost per immunized woman is due to spreading fixed costs over 1.1 million fewer immunized pregnant women. Immunization coverage is 26% of the eligible population. Additional detail on this scenario can be found in Table A in S1 Appendix, S2 Fig and S3 Fig. Scenario-purchased vaccine, 10 dose vial, low coverage. This scenario considers only women that attend four or more ANC visits as the potential beneficiaries. Malawi purchases a vaccine rather than benefits from a donation program. Since no low-or lower-middle income countries reported purchasing a 10 dose vial of seasonal influenza vaccine in the WHO Vaccine Product, Price and Procurement Database, we utilized the lowest reported price ($2.80) for a 10 dose vial reported by Pan American Health Organization [23] . The change in presentation required an administering syringe ($0.05) and increased vaccine wastage to 40%. The 10 dose vial reduces vaccine volume (3 cc) and cold chain costs [23, 24] . Cold chain costs were calculated as in the base scenario but are lower due to the decrease in vaccine volume.
Purchasing a vaccine greatly increases the financial cost of vaccines and supplies but reduces cold chain storage requirements and costs (see Table 4 below). As in the low coverage scenario, 1.2 million pregnant women would be immunized, but the financial (economic) cost would be $6.23 ($6.73) per immunized pregnant woman. Immunization coverage is 26% of the eligible population. Annual program costs are available in S4 Fig and S5 Fig. Scenario-purchased vaccine, 10 dose vial, high coverage. This scenario returns to high vaccine coverage with 95% of women who having at least one ANC visit and a uniform dropout rate between ANC visits. The overall cost of the program increases to $13.5 million over five years, primarily due to vaccine and supply costs. 
Discussion
In this costing study of a maternal influenza immunization program in Malawi, base scenario financial and economic costs per dose delivered are approximately $0.50 and $4.50 respectively. Introduction costs for our base scenario account for 70% of total financial costs across the five-year period and recurrent costs are the remaining 30% of total financial costs. Microplanning, training, and cold chain are the largest components of introduction costs. Service delivery is the largest component of recurrent costs at 16% of total financial costs. Relative to some new vaccine introductions such as HPV, costs associated with social mobilization are slightly lower but in the same range. For example, Hutubessy et al. (2012) find that social mobilization and IEC account for 10% of the financial costs [15] . Our base scenario estimates 7% of financial costs in this category. However, we are excluding the cost of the vaccine and when this is incorporated into our analysis, social mobilization and IEC only account for 1% to 3% of costs depending on the scenario. While social mobilization and IEC are important components of new vaccine introductions, slightly lower costs may be reasonable in this case as many women are already attending ANC and such a program would not always necessitate an additional visit.
Our base scenario includes vaccine costs only as an economic cost. With this in mind, our base scenario financial cost per dose roughly corresponds to recent multicountry analyses of immunization delivery costs [35, 36] . Average annual financial and economic costs over five years, achieving 47% coverage of the eligible population, are approximately $240,000 and $2.1 million respectively. We are unaware of other studies that use primary data to estimate delivery costs for vaccine programs for pregnant women in developing countries. Among analyses of childhood immunization programs, there is wide variation in immunization delivery cost estimates [37] . Some newer studies find delivery costs to be several times greater than our analysis reflects [38] [39] [40] . Our findings are not unexpected given that we are estimating the cost of introducing a new vaccine program while assuming much of the immunization and ANC system can serve as a basis for a maternal immunization program. This is an optimistic but not implausible basis for this analysis and our results should be interpreted in this context. Noting the assumptions made in our base scenario, delivery costs do not seem overwhelming. However, if Malawi or another low-income country were to consider purchasing a vaccine, this would change the financial outlook. For example, purchasing a vaccine at the lowest prices reported by a low-or lower-middle income country increases the financial costs per dose to between $5 and $7 (depending on the scenario) and would have dramatic budget implications. While a full assessment of affordability is beyond the scope of this costing analysis, we note that Malawi's per capita total health expenditure is $26 per year meaning that the budget impact of a maternal influenza immunization program would be large [21] . Each option should be carefully considered in terms of the health and economic benefit, costs, available resources, and the cost-effectiveness of this and alternative uses of resources.Recent publications have explored the cost-effectiveness of maternal influenza immunization in lowerincome settings using values broadly similar to the findings on this study. Further empirical costing evidence on maternal influenza immunization, potentially generated through the use of this tool, can enhance and help validate the findings of those studies [41] . The case for maternal influenza immunization becomes more difficult absent support from international donors.
Program costs and benefits are not the only consideration [6] . Introducing a maternal influenza immunization program would also test the assumption that the current immunization and ANC systems are able to absorb a new immunization program. While immunization (DTP3) coverage has been hovering around 90% in Malawi [42] , it is important to consider whether a new program would lead to reduced coverage for other antigens. The same question must also be asked of the ANC program. Per the Demographic Health Survey, many ANC attendees do not receive all ANC services [22] . If an additional service (e.g. maternal influenza vaccination) were offered, would this have negative consequences on other components of ANC? Conversely, maternal influenza vaccination might also encourage higher attendance and lead to additional health benefit beyond influenza prevention. This brief discussion is not meant to highlight all of the potential challenges or opportunities in introducing maternal immunization programs in low-income countries. However, it does highlight the importance of understanding the factors that may inhibit or facilitate success. Some work has been done on this important topic, but additional research is needed [43] .
Limitations
There are several limitations to this study that deserve mention. First, this study was used to pilot a new tool that is not yet WHO endorsed. All results should be considered in relation to current knowledge and future piloting. In addition, both data collection and analysis were affected by the uncertainty surrounding a prospective immunization program so our interviews with EPI program staff were not informed by active maternal immunization program planning. This analysis also assumes many activities are built upon a well-functioning system so a number of activities would not incur incremental costs (e.g. vaccine transport, waste management, or much outreach). While we believe our estimates are realistic, they are only reflective of the delivery strategy and our knowledge of the country context. If a country selected a strategy that required more stand-alone outreach or supplemental activities, costs would increase. The Costing Tool does not allow for uncertainty analysis outside of examining alternative scenarios so these scenarios should be interpreted carefully. Finally, the costs of EPI/ANC program coordination are not included in these estimates and would increase the costs of the program slightly.
Conclusion
This study demonstrates the successful use of a new influenza vaccine costing tool and estimates the financial and economic costs associated with a prospective maternal influenza immunization program in a low-income country. The information gained through this study not only helps inform our understanding of costs in Malawi, but may also benefit other countries as little is known of the costs of maternal immunization programs. Our analysis estimates that the incremental cost of a maternal influenza immunization program integrated into the ANC platform does not differ dramatically from the incremental costs one might expect if adding another antigen to a childhood vaccination program on a cost per dose basis. Maternal immunization delivery costs may be reasonable assuming the EPI and ANC system is capable of serving as the platform for an additional vaccination program. However, purchasing influenza vaccines at the prices assumed in this analysis is likely to be challenging for lower-income countries. These conclusions should be viewed as the product of one of the first studies of its kind and should be interpreted cautiously until further corroboration. WHO will conduct multiple iterations of piloting and refinement of the tool with eventual plans for a formal review by immunization economics experts and endorsement by WHO IVIR-AC before the tool is made available in the public domain. While we believe our results accurately reflect costs under the scenarios described, these findings should be corroborated by similar studies in other countries to confirm their generalizability and applicability to the local context prior to being used for policy decisions. 
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